Lymphangiogenesis is associated with chronic kidney disease (CKD) and occurs following kidney transplant. Here, we demonstrate that expanding lymphatic vessels (LVs) in kidneys and corresponding renal draining lymph nodes (RDLNs) play critical roles in promoting intrarenal inflammation and fibrosis following renal injury. Our studies show that lymphangiogenesis in the kidney and RDLN is driven by proliferation of preexisting lymphatic endothelium expressing the essential C-C chemokine ligand 21 (CCL21). New injury-induced LVs also express CCL21, stimulating recruitment of more CCR7 + dendritic cells (DCs) and lymphocytes into both RDLNs and spleen, resulting in a systemic lymphocyte expansion. Injury-induced intrarenal inflammation and fibrosis could be attenuated by blocking the recruitment of CCR7 + cells into RDLN and spleen or inhibiting lymphangiogenesis. Elucidating the role of lymphangiogenesis in promoting intrarenal inflammation and fibrosis provides a key insight that can facilitate the development of novel therapeutic strategies to prevent progression of CKD-associated fibrosis.
INTRODUCTION
All forms of chronic kidney disease (CKD) present with renal fibrosis, a progressive and irreversible pathological feature. Human and animal studies have established that interstitial infiltration of activated leukocytes triggers renal fibrogenesis either by direct injury of renal parenchymal cells or by secretion of cytokines that promote myofibroblast activation (1, 2) . Therefore, localized immune system components and inflammatory mediators in kidneys are potential targets of therapeutic interventions addressing renal fibrosis (3, 4) . Additional studies are needed, however, to identify key target mechanisms or pathways underlying the pathology-related interactions between kidney tissues and immune system regulators that drive renal fibrosis.
The unique structural features and tissue microenvironment of the kidney are protected by a localized immune system characterized by distinct immune cell subsets and functional suites of signaling molecules. However, regulatory mechanisms governing dynamic interactions between the kidney and immune system are as yet poorly defined. Lymphatic vessels (LVs) link the kidney to the larger immune system, acting as an exclusive conduit for passage of soluble antigens and immune cells from the kidney to the renal draining lymph nodes (RDLNs). LVs therefore participate in shaping kidney immunity and potentially balancing physiological pathways that promote healthy organ maintenance and responses to injury (5) .
Organ injury stimulates enhanced expression of the key C-C chemokine ligand 21 (CCL21). LVs provide the route whereby inflammatory cells, including activated dendritic cells (DCs) and lymphocytes expressing the CCL21 receptor CCR7, migrate toward the CCL21-expressing organ or to the corresponding lymph node (6) . Mature DCs that reach the lymph node induce rapid and sustained congestion of lymphocyte traffic, and their number influences the proliferation of T lymphocytes and the resulting magnitude of the effector response (7) . CCR7 and its ligand, CCL21, play an important role in directing effector memory T lymphocyte trafficking to the lungs via afferent LVs (8) . Mice lacking CCR7 exhibit impaired DC and T lymphocyte trafficking to DLNs and consequently fail to mount an adaptive immune response, indicating that CCL21/CCR7 signaling is necessary for lymphatic system-dependent cell trafficking from the periphery to the organ and its corresponding DLNs (9) .
Peripheral solid organ lymphangiogenesis has been reported in association with various inflammatory conditions including transplant rejection, hypertension, matrix stiffness, myocardial infarction, and tumor metastasis (10) (11) (12) (13) . Vascular endothelial growth factor C (VEGF-C) and VEGF-D along with their receptor VEGF receptor 3 (VEGFR3) have been identified as key molecular regulators of LV growth and maintenance (14) . Recent findings suggest that basic fibroblast growth factor-2 (FGF-2) also acts to promote lymphangiogenesis by interacting with the LV endothelial hyaluronan receptor 1 (LYVE-1) transmembrane domain, a process that is independent of the activation of VEGFR3 signaling (15, 16) .
Blocking VEGF-C/D binding to VEGFR3 has been shown to depress allograft CCL21 production, down-regulate DC traffic to the spleen, and attenuate transplant rejection (17) . Further, VEGF-Cdependent stimulation of lymphatic function promoted drainage and antigen clearance during skin inflammation (18) . Thus, peripheral organ lymphangiogenesis can serve multiple roles in both induction and resolution of local immune responses in different organs and different immune microenvironments (5) . Accumulating evidence now indicates that intrarenal lymphangiogenesis occurs at the site of interstitial lesions and strongly correlates with fibrosis in human CKD biopsies (19) . Intrarenal lymphangiogenesis has been identified in interstitial fibrotic regions in a rat remnant kidney model and also in a proteinuria model in which increased VEGF-C and VEGF-D expression was detected in the kidney (20) (21) (22) (23) . In addition, potent fibrogenic cytokines including transforming growth factor 1 (TGF1) and connective tissue growth factor (CTGF) were found to participate in lymphangiogenesis via up-regulation of VEGF-C in a unilateral ureteral obstruction (UUO) model (24, 25) . Blocking VEGF-C/D-VEGFR3 signaling decreased UUO-induced renal lymphangiogenesis (22) .
To date, RDLN lymphangiogenesis has not, to our knowledge, been reported in the literature. The contributions of the normally existing extensive intrarenal lymphatic network and injury-associated lymphangiogenesis to inflammation and the pathology of renal fibrosis remain unknown. We used several animal models to address this knowledge gap. We found that following renal injury, lymphangiogenesis occurs via local proliferation of existing endothelium in the kidney and corresponding RDLNs. Blocking recruitment of CCR7 + cells into RDLNs and the spleen through inhibition of lymphangiogenesis or administration of a CCR7-neutralizing antibody markedly attenuated intrarenal inflammation and fibrosis. These findings identify lymphangiogenesis as a novel target of therapeutic interventions designed to inhibit intrarenal inflammation and fibrosis associated with CKD.
RESULTS

Intrarenal lymphangiogenesis is associated with renal interstitial inflammatory cell infiltration and fibrosis in CKD patients
We established a cohort of 318 CKD renal tissues with eight healthy controls (table S1) and observed that intrarenal LVs were increased in CKD (Fig. 1A) . Proliferation and expansion of renal lymphatic endothelium were evaluated by using D2-40/proliferating cell nuclear antigen (PCNA) double labeling (Fig. 1B) . To confirm specificity of D2-40 labeling of human lymphatic endothelial cells (LECs), we tested two additional LEC markers, VEGFR3 and prospero homeobox 1 (PROX1) ( fig. S1A) . The results showed a positive relationship between LYVE-1-expressing vessels and LEC labeling in human LVs. On the basis of these observations, CKD patient specimens were divided into LVs low (n = 185) and LVs high (n = 93) groups. To examine whether renal microenvironmental factors were responsible for promoting the growth of LVs, we compared levels of VEGF-C, VEGF-D, and FGF-2, which are all reported to support LEC growth (14) (15) (16) . All of these factors were present at higher levels in LVs high group specimens relative to the LVs low group (Fig. 1C) . We investigated the expression of CCL21 and cells expressing its receptor, CCR7. We detected the ligand expressed by LECs and found CCR7 + cells distributed within the lumen of intrarenal LVs and in adjacent areas (Fig. 1D ). While we cannot distinguish whether these are de novo LVs or growth of preexisting LVs, our observations indicate that lymphangiogenesis in CKD is associated with recruitment of DCs and lymphocytes via CCL21/CCR7 signaling.
To Fig. 1F and fig. S1C ). CKD patients in which tissue samples exhibited higher densities of intrarenal LVs presented with severe proteinuria, lower estimated glomerular filtration rate (eGFR), greater intrarenal interstitial inflammation, and more severe renal fibrosis at the time of renal biopsy (Fig. 1, G and H) . These findings indicate that intrarenal lymphangiogenesis is associated with intrarenal inflammation and fibrosis in CKD patients.
Local proliferation of preexisting lymphatic endothelium largely accounts for post-injury intrarenal and RDLN lymphangiogenesis
To further characterize lymphangiogenesis in kidney disease, we investigated intrarenal and RDLN lymphangiogenesis in different mouse models exhibiting renal fibrosis including UUO, ischemia reperfusion injury (IRI), folic acid-induced nephropathy (FAN), adriamycin nephropathy (AN), and nephrotoxic nephritis (NTN). Accompanied by renal fibrosis and atrophy ( fig. S2, A and B) , we found increased density of intrarenal LYVE-1 + LECs in the LVs of all disease model kidneys ( Fig. 2A) . We observed expansion of LVs in the corresponding RDLNs after various renal injuries (Fig. 2, A and B) . Two additional LEC markers were tested, VEGFR3 and PROX1, that validated LYVE-1 as an LV LEC marker in mice ( fig. S1B) .
We used coimmunostaining of Ki67 and LYVE-1 to monitor proliferation. We observed increased intrarenal proliferation in LVs (LYVE-1 + and Ki67 + vessels) in UUO and IRI kidneys compared to sham-surgery control kidneys (Fig. 2, C and D) . A similar degree of proliferation was observed in the corresponding RDLNs after UUO or IRI (Fig. 2, C and E ). In addition, we found that lymphangiogenesisrelated cytokines VEGF-C, VEGF-D, and FGF-2 were up-regulated in renal tubular epithelial cells (TECs), some renal interstitial cells, and RDLNs after renal injury (Fig. 2F) .
To further analyze direct contributions of bone marrow (BM)-derived cells to lymphangiogenesis in the UUO model, we used two different approaches, parabiosis and BM chimeras. Parabiosis surgery was performed between wild-type mice and green fluorescent protein (GFP) transgenic mice. Chimeras were generated by GFP strain BM transplantation into wild-type mice (fig. S2, C and D). We observed only low levels of LYVE-1 and GFP colocalization in UUO kidneys following parabiosis and in BM chimeras (Fig. 2 , G and H), indicating that LEC generation during intrarenal and RDLN lymphangiogenesis is largely the result of proliferation of preexisting lymphatic endothelium rather than direct transdifferentiation of BMderived cells. This discovery-that preexisting LECs are the source of lymphatic expansion-has important consequences for further investigations of pathological lymphangiogenesis in CKD.
Intrarenal and RDLN lymphangiogenesis accompanied by expansion of lymphocytes in the kidney, RDLN, and spleen
We examined whether lymphangiogenesis in the kidney and RDLN could influence immune organ expansion. We observed perirenal lymphadenectasis and splenomegaly in UUO and IRI mice. The RDLNs and spleens were increased in size and weight compared to sham-surgery control mice (Fig. 3, A 
Conditional knockdown of LYVE-1-expressing LVs attenuated lymphocyte expansion, perirenal lymphadenectasis, and splenomegaly
To analyze whether increased renal and RDLN LVs play a role in promoting or maintaining expansion of intrarenal, RDLN, and spleen lymphocytes in the UUO model, we generated a LYVE-1-Cre/iDTR double-transgenic mouse (Fig. 4A ) in which LYVE-1-expressing LVs could be ablated in a diphtheria toxin (DT)-inducible manner based on selective expression of LYVE-1 in most LVs. DT receptor (DTR) was specifically expressed by LECs in LVs (Fig. 4B ). DT induced a significant (26%) reduction in LVs 24 hours after administration of 1.25 ng of DT per gram of body weight. Meanwhile, the density of CD31 + blood vessels in LYVE-1-Cre/iDTR mice did not change ( fig. S5 , A to C). To identify any confounding off-target effects induced by DT, we administered DT to wild-type control mice. No renal injuries were detected until 20 days after DT administration ( fig. S5D ). Furthermore, no kidney morphology changes or effects on renal tubule survival [monitored by lotus tetragonolobus lectin (LTL) and dolichos biflorus agglutinin (DBA) staining] were observed in non-surgery LYVE-1-Cre/ iDTR mice ( fig. S5E ). Because LYVE-1 is expressed in the liver blood sinusoid endothelium of healthy livers (27) , we assessed liver LYVE-1 expression and liver injury and found no overt change after DT administration ( fig. S5F ). While DT did not result in damage to intestine or skin, RDLNs did appear reduced in size ( fig. S5G ). The number of LYVE-1 + LVs was markedly reduced in RDLNs, and similar reductions in LVs were observed in other organs ( fig. S5H ).
We applied the UUO model in LYVE-1-Cre/iDTR transgenic mice and administered DT to reduce LVs. We observed less reduction of both intrarenal and RDLN LVs at day 3 (Fig. 4 , C to E). Strikingly, perirenal lymphadenectasis and splenomegaly were attenuated after DT administration (Fig. 4, F S6I ). Real-time PCR revealed down-regulated kidney expression of inflammatory cytokine genes including IL-2, IL-6, IL-1, IL-4, IL-10, CCL21b, CXCL12, CX3CL1, macrophage migration inhibitory factor (MIF), CXCL10, and CCL3; renal fibrosis-related genes including TGF1, CTGF, platelet derived growth factor BB (PDGFBB), alpha smooth muscle actin (-SMA), platelet-derived growth factor receptor beta (PDGFR), and fibronectin; and pro-lymphangiogenesis factors VEGF-C and VEGF-D following DT treatment at day 7 (Fig. 4, I and J, and fig. S6J ).
Conditional KD of LVs attenuated UUO-induced intrarenal inflammatory infiltration and renal fibrosis
We also observed that UUO-induced CD31 + peritubular capillary rarefaction was improved by administration of DT and was accompanied by higher expression of VEGF164 (an angiogenic isomer of VEGF-A) (fig. S6, J and K). In our unilateral surgery models, the concentration of serum creatinine was not significantly increased due to compensation by the normal contralateral kidney ( fig. S6L) (28) . The previously reported TEC cell cycle arrest mediating kidney fibrosis was reduced as a result of DT treatment at day 7 after UUO, as shown by double staining of TECs arrested at the G2/M phase with Ki67 and PH3. This suggested that TEC-mediated fibrosis was decreased after LV KD. Aquaporin 1 (AQP-1) levels of the remaining renal tubules were found to exceed those of controls (Fig. 4K) . Fibronectin, -SMA, and Sirius red staining analysis revealed that renal fibrosis was also reduced in DT-treated mice compared to untreated controls at day 7 after UUO (Fig. 4K) . Renal atrophy (a result of renal fibrosis) was significantly reduced (Fig. 4, L and M) , and total kidney collagen levels (measured by hydroxyproline assay) were mitigated by DT treatment (Fig. 4N) . Thus, LV KD in our UUO model resulted in suppression of renal inflammation and fibrosis. This result was also observed in a UUO model treated with DT at 24 hours after surgery (fig. S6, M to P) and in an IRI model ( fig. S7 , A to G).
Inhibition of lymphangiogenesis by soluble VEGFR3 or LYVE-1 fusion constructs attenuated CCR7
+ cell expansion in the kidney, RDLN, and spleen and ameliorated renal inflammation and fibrosis Soluble VEGFR3 and LYVE-1 can suppress lymphangiogenesis by inhibiting the VEGF-C/VEGF-D-VEGFR3 and FGF-2-LYVE-1 signaling pathways, respectively (14) (15) (16) . In vitro, although soluble VEGFR3-Fc fusion protein (sVEGFR3-FC) sequestered VEGF-C and VEGF-D and soluble LYVE-1-Fc (sLYVE-1-FC) sequestered FGF-2, both fusion proteins induced proliferation of SVEC4-10 LECs and neither induced apoptosis ( fig. S8 , A to C). In in vivo studies, we treated C57BL6/J mice with sVEGFR3-FC or sLYVE-1-FC 1 day and 2 hours before UUO surgery and 1, 3, and 5 days after surgery. Soluble Fc (sFC) protein was used as control (Fig. 5A ). Seven days after UUO surgery, we observed that LV density in the kidney and RDLN of sVEGFR3-FC-and sLYVE-1-FC-treated mice was reduced compared to controls (Fig. 5, B and D) . LV density in control non-UUO kidneys was unchanged by sVEGFR3-FC or sLYVE-1-FC administration ( fig. S9A ). The effects of sVEGFR3-FC or sLYVE-1-FC on renal lymphangiogenesis after UUO could be attributed to inhibition of intrarenal lymphatic endothelium proliferation ( fig. S9B ). While kidney size was increased in sVEGFR3-FCand sLYVE-1-FC-treated mice, the RDLN and spleen were smaller than those in sFC-treated controls (Fig. 5, C, E, and F) . Flow cytometry showed that the numbers of CD11c + DCs, CD4 + T cells, and CD8 + T cells and the percentage of CCR7 + T cells were reduced in the RDLN, spleen, and kidney in sVEGFR3-FC-and sLYVE-1-FCtreated mice relative to sFC-treated controls (Fig. 5, E to G) . Real-time PCR revealed down-regulated kidney mRNA levels of LV markers (PROX1, LYVE-1, CCL21b, and CCR7), pro-inflammatory cytokines (TNF-, IL-1, and IL-6), and pro-fibrogenic factors (TGF1, CTGF, and PDGFBB) in sVEGFR3-FC-and sLYVE-1-FC-treated mice (Fig. 5H and fig. S9C ). sVEGFR3-FC and sLYVE-1-FC treatment led to higher levels of AQP-1 labeling the remaining renal tubules ( fig. S9D) , and Sirius red, fibronectin, and -SMA analysis showed lower levels of renal fibrosis relative to controls (Fig. 5, I and J, and fig. S9D ). The total collagen levels in the kidney were also lower after sVEGFR3-FC or sLYVE-1-FC administration (Fig. 5K) . Thus, inhibition of lymphangiogenesis in the kidney and RDLN by sVEGFR3-FC or sLYVE-1-FC was associated with reduced intrarenal inflammation and fibrosis induced by UUO. Similar results were obtained in IRI model studies ( fig. S9, E and F) .
CCR7 neutralizing antibody inhibited CCR7
+ cell trafficking into RDLN and spleen and attenuated renal inflammation and fibrosis To further demonstrate that inhibition of CCR7 + cell expansion attenuated intrarenal inflammation, we administrated CCR7 neutralizing antibody to UUO model mice (Fig. 6A) . We observed decreased numbers of immune cells and reduced tissue volume for both RDLN and spleen, corresponding to decreased percentages of CCR7 + DCs and CCR7
+ lymphocytes in the anti-CCR7 treatment group of mice (Fig. 6, B and C) . Intrarenal infiltration of inflammatory cells, expression of pro-inflammatory markers (IKK, IFN-, TNF-, CX3CL1, CXCL10, CCL2, and CXCL12), and markers of renal fibrosis (TGF1, CTGF, PDGFBB, -SMA, PDGFRB, and fibronectin) were all reduced by anti-CCR7 antibody (Fig. 6, D, F, and G) . In addition, the degree of renal atrophy was decreased (Fig. 6E) , and total kidney collagen levels were reduced (Fig. 6H) . Staining with Sirius red and fibronectin analysis showed that renal fibrosis was reduced in the antibody treatment group (Fig. 6I) . These results suggest that systemic CCR7 + cell expansion in the RDLN and spleen following renal injury acts to promote renal inflammation and fibrosis. Figure 6J summarizes the role of lymphangiogenesis within the kidney and DLNs in mediating inflammation and fibrosis.
DISCUSSION
The physiological functions of LVs and their contributions to pathological mechanisms during chronic disease conditions have not been extensively investigated. We have addressed this gap in the context of CKD by comprehensively investigating the role of lymphangiogenesis in kidneys and RDLNs. We describe a previously unrecognized function of lymphangiogenesis as a key process in the kidney and RDLNs mediating intrarenal inflammation and progressive fibrosis. Although it has been previously reported that lymphangiogenesis is a common feature in the progression of renal fibrosis (19) , the origin and function of intrarenal LVs in CKD remained undefined. Here, we observed extensive LEC proliferation in a cohort of 289 CKD patients that was not evident in healthy controls. CKD patients with higher density intrarenal LVs presented with more severe proteinuria and renal fibrosis and decreased eGFR. Our mouse model experiments revealed localized LEC proliferation as the cellular origin of lymphangiogenesis in injured kidney and corresponding RDLN. Newly generated LVs, like preexisting LVs, expressed the essential CCL21. We conclude that the expanded LV system played an important role in recruiting CCR7 + DCs and lymphocytes into RDLN and spleen, thereby inducing systemic CCR7 + cell recruitment and accelerating intrarenal inflammation. Suppression of lymphangiogenesis by genetic techniques or administration of blocking biological reagents inhibited systemic CCR7 + cell recruitment and CKD progression.
Human renal transplant studies have suggested that lymphatic progenitor cells are derived from the circulation and then incorporated into growing LVs (29) . Other studies conclude that newly formed LVs "sprout" from the preexisting local lymphatic network with zero or minimal contributions from BM-derived cells (6, 15, 30) . Our findings support the latter studies. We found that mouse BM-derived cells were distributed in adjacent areas rather than incorporated into expanding LVs in injured kidney and RDLN. We further observed that lymphangiogenesis-related factors were locally up-regulated. Although VEGF-A derived from B lymphocytes has been confirmed 9 of 17 to participate in lymph node lymphangiogenesis (31, 32) , we found that expression of lymphangiogenesis-related factors VEGF-C, VEGF-D, and FGF-2 was increased in RDLNs following renal injury. This suggests that renal injury-associated kidney and RDLN lymphangiogenesis arises from preexisting LEC proliferation activated by local lymphangiogenesis-related factors, rather than BM-derived cell transdifferentiation. BM-derived cells may indirectly participate in lymphangiogenesis, however, by differentiating into macrophages and secreting pro-lymphangiogenesis factors (33) .
Although it is difficult to delineate the distinct roles of adaptive and innate immunity in renal fibrosis, growing evidence points to adaptive immune activation as a dominant factor promoting the formation of fibrotic lesions in CKDs of diverse etiologies (34, 35) . Kerjaschki et al. (36) reported that lymphangiogenesis following human kidney transplants was associated with immunologically active lymphocytic infiltrates. In our cohort of 289 CKD patients, we found that higher numbers of intrarenal LVs were associated with more severe DC and lymphocyte infiltration, which we also observed in mouse UUO-and IRI-induced fibrosis. Our studies further showed that lymphocytic expansion in the RDLN and spleen was accompanied by lymphangiogenesis in the kidney and corresponding RDLN. The observed increase in both weight and the percentage of CD11c + I-A D+ DCs and CD44 high T lymphocytes implies that a robust adaptive immune response occurred in the lymph nodes and the spleen along with renal injury-induced kidney and RDLN lymphangiogenesis.
While we observed adaptive immunity-linked inflammation and fibrosis after UUO, previous reports have suggested that adaptive immunity does not play a direct role in UUO-induced fibrosis. In vivo and ex vivo model studies showed that, following UUO, intrarenal DCs differentiated into mature cells exhibiting enhanced antigen-presenting capacity and that antigen-specific T cell proliferation was increased (37, 38) . Other studies support our conclusion that adaptive immunity is linked to fibrosis. Lymphopenic RAG −/− mice displayed significantly less interstitial expansion and collagen deposition compared to wild-type controls following UUO. Reconstitution of lymphopenic RAG knockout mice with purified CD4 + cells before UUO resulted in significantly increased interstitial expansion and collagen deposition (39) . The immunosuppressive agents azathioprine, mycophenolate mofetil, and rituximab that inhibit lymphocyte proliferation have also been reported to prevent fibrosis in the UUO model (40, 41) . We also showed that DCs in the renal lymph node increased following UUO and that a fraction of this cell population expressed the "kidney-restricted" antigen THP, indicating recognition of the antigen in the tubulointerstitium and trafficking of kidney-specific antigens to the RDLN (42) . To confirm this, we injected GFP + DCs beneath the renal capsule and found GFP + DCs trafficked to the RDLN through LVs. As antigen presentation is vital to initiate an effective adaptive immune response, our finding that renal DCs present renal antigens to RDLN after UUO suggests that adaptive immunity does play a role in UUO-induced renal fibrosis. Our results suggest that expanded LVs play a role in promoting DC recruitment into the RDLN.
LVs can potentially promote both recruitment and transport of CCR7 + cells. CCL21, the ligand for CCR7, is expressed by LVs in human kidney transplants (36) . We analyzed our CKD biopsy tissue samples and found that CCL21 was specifically expressed at high levels by LVs. DCs and lymphocytes expressing CCR7 were distributed around the renal LVs. In animal models, intrarenal LVs were similarly observed to regionally express the highest levels of CCL21. Subcapsular injection experiments showed that GFP + DCs in injured kidneys expressed CCR7 and were transported through LVs into RDLNs. We found that increased CCR7 + DC and lymphocyte cell populations were associated with kidney and RDLN lymphangiogenesis. This increase was reversed by the introduction of CCR7 neutralizing antibody. This finding suggests that trafficking of DCs and lymphocytes into RDLN and spleen is dependent upon the CCL21-CCR7 interaction and therefore that CCR7 is necessary for lymphocyte expansion (43, 44) . Following renal injury, kidney and RDLN lymphangiogenesis and the resulting overall increased expression of CCL21 may promote CCR7 + DC and lymphocyte cell trafficking into the RDLN.
To clarify the role of kidney and RDLN lymphangiogenesis in CCR7 + cell trafficking, we used LYVE-1-Cre/iDTR mice to conditionally knock down LVs. LYVE-1 is a relatively specific and widely used marker for LECs (45) . Jang et al. (46) reported that the LYVE-1-Cre/iDTR system allowed ablation of LYVE-1 LVs in a DT-dependent manner. However, they found that LYVE-1-Cre/iDTR mice died of sepsis without visible edema between 24 and 60 hours after highdose DT administration (46) . To avoid this problem, we administered low-dose DT (1.25 ng/g body weight) to LYVE-1-Cre/iDTR mice. In our study, mice survived without significant lesions in vital organs (including liver, skin, and intestine) being observed before or after UUO or IRI surgery. We found that DT administration led to suppression of UUO-and IRI-induced lymphangiogenesis in the kidney and RDLN. We observed contraction of RDLN and spleen, reduced percentages of CCR7 + DCs and lymphocytes in the RDLN and spleen, and a lower percentage of CD44 high and proliferating lymphocytes. Together, these observations are compatible with DT administration eliciting attenuation of response in immune organs linked to suppressed lymphangiogenesis. This was accompanied by lessening of renal tubular injury and fibrosis. Unexpectedly, suppression of lymphangiogenesis resulted in reversal of UUO-induced CD31 + peritubular capillary rarefaction. We think that this was a secondary consequence of suppressed lymphangiogenesis and reduced renal inflammation, which allowed regeneration of renal tubules and increased expression of VEGF164 (an angiogenic isomer of VEGF-A) (47, 48) .
LYVE-1 is also expressed on the surface of macrophages (49) . No difference in the abundance of kidney LYVE-1 + macrophages was observed between DT-treated and non-treated LYVE-1-Cre/ iDTR mice. Therefore, the intervention targeting LYVE-1 specifically affected LYVE-1 + LECs without affecting LYVE-1 + macrophages (50) . Consistent with our findings, Jang et al. (46) transplanted BM of LYVE-1-Cre/iDTR mice into irradiated mice and found that the population of LYVE-1 + macrophages in the recipient mice did not differ from controls after administration of DT at a dose of 100 ng per mouse. Furthermore, ablation of macrophage-lineage cells required continuous DT injections for more than 3 days (51). That low-dose DT used in the present study differentially affected LECs but failed to ablate LYVE-1 + macrophages may be due to newly generated LECs expressing much higher levels of LYVE-1 compared to macrophages.
VEGF-C/D-VEGFR3 signaling is critical for lymphangiogenesis, and VEGFR3 is a potential therapeutic target for suppression of lymphangiogenesis (9, 52, 53) . Note that independent of VEGFR3 activation, FGF-2 also induces lymphangiogenesis through the FGF-2/ LYVE-1 pathway (15, 16) . Our study examined the effects of targeting extracellular domains of VEGFR3 and LYVE-1, observing in both cases suppression of renal and RDLN lymphangiogenesis, including similar decreases in CCR7 + cells and down-regulation of the immune response in the RDLN and spleen. Suppression of lymphangiogenesis using biopeptides also attenuated UUO-and IRI-induced renal inflammatory infiltration and fibrosis. Our work builds upon that of Yazdani et al. (54) , who reported that proteinuric rats treated with the VEGFR3 antibody IMC-3C5 showed a significant reduction in both ED1-positive macrophages and collagen III (1) mRNA levels. Their study did not reveal an IMC-3C5-mediated effect on renal fibrosis, which we believe may reflect two main differences between the present study and that of Yazdani et al. First, our study used sVEGFR3-FC that inhibits both VEGF-C-and VEGF-Dmediated VEGFR3 signaling and might therefore exhibit biological effects distinct from those elicited by the VEGFR3 antibody. Second, we initiated intervention at an earlier time point. Either one or both of these factors may explain why targeting VEGFR3 positively affected renal fibrosis in our study.
We also found that sLYVE-1-FC inhibited LEC proliferation and lymphangiogenesis after UUO. This is consistent with the work done by Johnson et al. (55) who showed that targeted elimination of LYVE-1, either through antibody blockade or depletion of the DC hyaluronan coat, delayed lymphatic trafficking of dermal DCs and also blunted their capacity to prime CD8 + T cell responses in skin-draining LNs. This is furthermore consistent with our observed suppression of lymphangiogenesis by sLYVE-1-FC decreasing recruitment of CCR7 + DCs and expansion of lymphocytes in the RDLN and spleen.
We have discovered a novel link between lymphangiogenesis and immunomodulation following renal injury. Although our LV knockout interventions were not in themselves specifically targeted to renal LVs, we found no evidence in mouse models that other organs were significantly affected. While the precise mechanisms underlying splenic changes during lymphangiogenesis remain undefined, our studies strongly suggest that before the development of renal fibrosis, lymphangiogenesis in the kidney and RDLN promotes local proliferation ("sprouting") of preexisting LVs. Furthermore, we found that this process enhances the trafficking of DCs and lymphocytes and is directly responsible for the resulting inflammatory expansion observed in the RDLN and spleen. It is this expansion of the inflammatory response that then leads to intrarenal infiltration and eventually renal fibrosis. We found that genetic or biological suppression of lymphangiogenesis resulted in a weakened inflammatory response in the RDLN and spleen and subsequently downregulated renal inflammatory infiltration and ultimately attenuated renal fibrosis. Thus, our results provide evidence of LV inhibition as a potential targeted immunomodulatory therapeutic strategy for patients suffering from progressive renal fibrosis.
In summary, our studies investigating the consequence of LV suppression via genetic and biopharmacologic approaches identify a previously unrecognized immunoregulatory effect of lymphangiogenesis on inflammatory activation in the RDLN, spleen, and kidney. This effect was observed in the tissue microenvironment of UUO-and IRI-induced renal injury. We found that continuous and irreversible injury inflicted by UUO or IRI led to LV expansion with up-regulated CCL21 expression and recruitment of CCR7 + DCs and lymphocytes into the RDLN and spleen. This ultimately led to exacerbation of renal inflammation and fibrosis, rather than inflammation resolution, an outcome consistent with recent studies (56). Lund et al. (57) found that K14-VEGFR3-Ig mice, which lack dermal LVs, exhibited drastically reduced leukocyte infiltration and cytokine expression around tumors compared to wild-type mice. Muchowicz et al. (58) reported that sustained inhibition of lymphangiogenesis by sVEGFR3 also inhibited the ability of intratumorally inoculated DCs to translocate to local lymph nodes and resulted in fewer tumor-infiltrating IFN--secreting or tumor antigen-specific CD8 + T cells. Thus, our insights into previously unknown contributions of lymphangiogenesis to renal inflammatory activation can potentially be widely applied to diseases (beyond CKD) in which pathological conditions lead to aberrant generation of LVs.
METHODS
Study approval
Animal care and experimental procedures were approved by the Experimental Animal Ethics Committee of Huazhong University of Science and Technology. The use of human tissue samples was approved by the Ethics Committee for Clinical Studies of Huazhong University of Science and Technology. Human tissue samples were obtained from patients who provided informed consent.
Renal biopsy specimens
The demographic and clinical characteristics of the patient cohort are listed in table S1. Tissue sections were derived from kidney biopsies from CKD patients or from trauma-induced nephrectomy. Samples were provided by the Department of Pathology, Tongji Hospital of Huazhong University of Science and Technology. Patients with hepatitis B virus (HBV) infection or who had received glucocorticoids or immunosuppressants before biopsy were excluded. Renal pathologists blinded with regard to corresponding patient clinical data evaluated interstitial inflammation and interstitial fibrosis (mild, moderate, or severe) according to established pathology guidelines (59) .
Mice LYVE-1-Cre mice, iDTR mice, and GFP mice were purchased from The Jackson Laboratory. C57BL/6 mice (age, 8 to 10 weeks; weight, ~22 to 25 g) were purchased from Hua Fukang (Beijing, China). The LYVE1-Cre mouse was chosen for its selective enhanced GFP expression in the nuclei of cells expressing LYVE-1. To ablate LYVE1-expressing LVs in a DT-dependent manner, LYVE-1-Cre mice were crossed with iDTR mice (LYVE-1-Cre/iDTR mice). LVs were ablated by administering DT (1.25 ng/g body weight, dissolved in Hanks' balanced salt solution; Sigma-Aldrich) to LYVE-1-Cre/iDTR mice intravenously unless otherwise indicated. All mice were provided with a standard diet and access to water. Mice were anesthetized and euthanized with 1% sodium pentobarbital solution (0.009 ml/g, Sigma, USA) by intraperitoneal injection. Animals were bred and maintained at Tongji Medical College of Huazhong University of Science and Technology.
Chimeric mice
Eight-to 10-week-old wild-type recipient mice received 9.5 Gy of gamma irradiation. Three hours after irradiation, BM cells (1 × 10 7 ) from GFP mice were injected into tail veins of recipient mice. Six weeks later, the BM-transplanted recipient mice underwent UUO or IRI surgery.
Parabiosis
Animal pairs underwent parabiosis based on a modification of the technique described by Bunster and Meyer (60) . Following anesthesia, the left side of a wild-type mouse and the right side of a GFP + mouse were prepped, and matching skin incisions were made in each mouse from the olecranon to the knee. Subcutaneous tissue was dissected to create a 0.5-cm free skin flap. Forelimb and hindlimb were joined by a 0-silk suture followed by skin closure using interrupted 4-0 nylon sutures. Body temperature was maintained at 36.8° to 37.2°C throughout the procedure. Postoperatively, animals recovered in a heated cage, and each parabiont was given 1 ml of warm (37°C) saline. Analgesia was given twice a day for 2 days. Sulfatrim water was provided for 28 days.
Mouse models
The UUO model was generated by ligation of the left ureter. Ischemia (unilateral IRI) was induced by the retroperitoneal approach in the left kidney for 30 min at 37°C. Mice were anesthetized with 1% sodium pentobarbital solution (0.009 ml/g, Sigma, USA) by intraperitoneal injection. The left renal pedicle was clamped with an atraumatic vascular clip for 30 min (Roboz Surgical Instrument Co., Germany) through a flank incision. The left kidney turned purple subsequent to clamping. Clamps were removed after 30 min to start reperfusion, and the left kidney reverted to red within approximately 10 s. The body temperature was maintained between 36.6° and 37.2°C throughout the procedure, monitored using a rectal probe (FHC, USA). The muscle layer and skin were closed with 4-0 silk sutures. Sham-surgery control mice underwent a similar surgical procedure without clamping of the left kidney pedicle. FAN entailed daily intraperitoneal injection of 50 g of folic acid dissolved in 150 mM sodium bicarbonate (Sigma-Aldrich) per gram of body weight for 2 weeks. Adriamycin (10.4 mg/kg) was injected once into the tail vein of a non-anesthetized BALB/c mouse (8 weeks) to induce the AN model (61) . NTN models were prepared as described previously (62) and were euthanized 7 days after injection of nephrotoxic serum. ) were injected under the renal capsule, into the upper pole in kidneys (C57BL/6J mice) on day 3 after UUO surgery. Mice were euthanized 6 hours after injection. Renal tissue samples were fixed in 4% paraformaldehyde (PFA).
Injection under the renal capsule
Renal histopathology
Kidneys were fixed in 4% PFA for 24 hours and embedded in paraffin. Periodic acid-Schiff (PAS) staining was performed to evaluate pathological injury. Masson and Sirius red staining were performed to estimate renal fibrosis. Two blinded renal pathologists quantified staining in eight randomly selected fields. Data were analyzed using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA).
Immunohistochemistry and immunofluorescence
Antigens were recovered by treatment of samples at 98°C for 10 min in 10 mM citrate buffer (pH 6.0). For immunohistochemical analysis of human specimens, endogenous peroxidase was blocked with 10% H 2 O 2 for 20 min and nonspecific antigens were blocked with serum for 30 min at room temperature. The slides were then incubated with specific primary antibodies at 4°C for 12 hours. Representative images were acquired using an Olympus microscope and DP73 camera. TUNEL (terminal deoxynucleotidyl transferasemediated deoxyuridine triphosphate nick end labeling) staining was performed using a kit (Roche, Switzerland) according to the manufacturer's instructions. VEGF-C, VEGF-D, FGF-2, fibronectin, and -SMA staining were carefully quantified by two blinded renal pathologists reading eight randomly chosen fields in high-power field (HPF) on each slide. The data were analyzed using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA). The numbers of CD31-positive peritubular capillaries and AQP-1-positive renal tubules were counted in HPF, as described above.
Soluble mouse LYVE-1 andVEGFR3 fusion construct cloning, purification of Fc fusion proteins, and intervention procedure Fragments of murine LYVE-1 complementary DNA (cDNA) (position 241-924 in GenBank, clone AJ311501) encoding the extracellular domain of LYVE-1 and VEGFR3 cDNA (position 26-2363 in GenBank, clone L07296) encoding the extracellular domain of VEGFR3 were separately fused to Fc [mouse IgG2a (immunoglobulin G2a)] in the pcDNA3.1(+)/Fc (mouse IgG2a) vector (Futaibio, Jiangsu, China). The pcDNA3.1(+)/Fc (mouse IgG2a) vector was used as control. Constructs were transfected into 293T cells using calcium phosphate. Transfected cells were grown in UltraCHO medium (Lonza) for 3 days before harvesting culture supernatant. After adjustment of supernatant pH [using 2 M tris-HCl buffer (pH 8.0)], the fusion proteins were purified by affinity chromatography on a column (1-ml bed volume) of protein A-Sepharose (Sigma) eluted with 0.1 M glycine-HCl buffer (pH 3.0). Fractions containing Fc fusion proteins were neutralized by the addition of 0.05 volume of 2 M tris-HCl buffer (pH 8.0), and the purity was confirmed by SDSpolyacrylamide gel electrophoresis (63) (64) (65) . sVEGFR3-FC or sLYVE-1-FC was administered to wild-type mice by tail vein injection (0.5 g/g) 24 hours before UUO or IRI surgery. sFC was injected as a control. UUO mice were administered VEGFR3-FC, sLYVE-1-FC, or sFC (0.5 g/g) on days 0, 1, 3, and 5 and euthanized on day 7 after UUO. IRI mice were administered sVEGFR3-FC, sLYVE-1-FC, or sFC (0.5 g/g) on days 0, 1, 3, 7, 10, and 13 and euthanized on day 14 after IRI.
CCR7 intervention
Monoclonal rat anti-mouse CCR7 antibody IgG2A (clone no. 4B12, R&D Systems) was injected intravenously into wild-type mice (dose, 0.5 g/g) 24 hours before UUO. Rat IgG2A isotype (R&D Systems) was injected as control. Equivalent doses of CCR7 antibody or rat IgG2A isotype were administered on days 0, 1, 3, and 5, and mice were euthanized on day 7 following UUO.
LV and inflammatory cell counting
For human renal biopsy specimens, D2-40-stained sections were scanned at low power to identify three LV "hotspots," which were then examined at 40×. D2-40-positive vessels with a clearly defined lumen or well-defined linear vessel shape, but not single endothelial cells, were used for counting. Inflammatory cell density was also determined in the three areas of high-density infiltration using a method analogous to that for LV enumeration (66) . In mouse models, LYVE-1 staining in renal sections was imaged at 40×. LYVE-1-positive vessels with a clearly defined lumen or well-defined linear vessel shape, but not single endothelial cells, were used for counting. The objectivity of LV counting was increased by imaging the LV in the longitudinal section of the murine kidney and subsequently calculating the numbers of LVs using Image-Pro Plus software. The number of LVs in each field was ranked from high to low. The top 20 fields were regarded as hotspots. The average value represented the density of the entire kidney. When assessing LVs in the RDLN, all LYVE-1 staining was imaged at 40×. The relative LYVE-1 area was calculated by Image-Pro Plus software. The LYVE-1 area in sham-operated mice was defined as the baseline value. For TUNEL and inflammatory cell counting, staining was carefully quantified in each slide by evaluating eight randomly chosen fields. All counting assessments were performed by two independent pathologists blinded to treatment conditions. Quantitative real-time PCR Total RNA was extracted from renal and splenic tissues using TRIzol according to the extraction kit manufacturer's instructions (Invitrogen, USA). One microgram of RNA was reverse-transcribed using the GoScript reverse transcription system (Promega, USA). qPCR was performed using SYBR Master Mix (Qiagen, Germany) and analyzed on a Roche Light 480II system. Relative mRNA expression levels were calculated using the 2 −Ct method and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression levels. The following primer sequences were used: GAPDH, 5 ′ -T T G A T G G C A A -CAATCTCCAC-3′ (forward) and 5′-CGTCCCGTAGACAAAA TGGT-3′ (reverse); LYVE-1, 5′-AATTTCACAGAAGCCAACGA-3′ (forward) and 5′-ATCCATAGCTGCAAGTCTC-3′ (reverse); PROX1, 5′-CTGGGCCAATTATCACCAGT-3′ (forward) and 5′-GC-CATCTTCAAAAGCTCGTC-3′ (reverse); VEGF-C, 5′-CAG-CAAGACGTTGTTTGAAATTACA-3′ (forward) and 5′-GT-G A T T G G CAAAACTGATTGTGA-3′ ( r e v e r s e ) ; VEGF-D, 5′-AAATCGCGCACTCTGAGGA-3′ (forward) and 5′-TGG-CAAGACTTTTGAGCTTCAA-3′ (reverse); FGF-2, 5′-AGCG-GCTCTACTGCAAGAAC-3′ (forward) and 5′-TGGCACA-CACTCCCTTGATA-3′ (reverse); VEGF164, 5′-ACAGCAGATGTG AATGCAGACCAAAGAAAG-3′ (forward) and 5′-CAAGGCTCA-biochemical analyzer (Roche, Germany). Kidney hydroxyproline levels were measured using a commercial kit according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). A 550 (absorbance at 550 nm) was determined using a microplate reader (BioTek, USA).
Flow cytometry
To characterize immune infiltration, the entire UUO kidney and its corresponding contralateral control were minced and then digested in 2 ml of collagenase (400 U of type I collagenase) in Dulbecco's modified Eagle's medium at 37°C for 25 min. Spleen and lymph node cells were ground into single-cell suspensions and filtered through 100-nm mesh before immunostaining cells with a fixable viability dye. For fluorescence-activated cell sorting (FACS) analysis, phycoerythrin (PE)-conjugated anti-LYVE-1 antibody was obtained from R&D Systems. The following additional antibodies were obtained from BioLegend: allophycocyanin (APC)/Cy7-conjugated anti-mouse CD45 antibody, BV510-conjugated CD45 antibody, fluorescein isothiocyanate (FITC)-conjugated anti-mouse/human CD11b antibody, PE-conjugated anti-mouse CD8 antibody, peridin chlorophyll protein (PerCP)/Cy5.5-conjugated anti-mouse CD8 antibody, APC-conjugated anti-mouse Ly6G antibody, FITC-conjugated anti-mouse F4/80 antibody, PE-conjugated anti-mouse Ly6G antibody, PE-conjugated anti-CD11c antibody, APC-conjugated antimouse CD3 antibody, PerCP/Cy5.5-conjugated anti-mouse/human CD3 antibody, PerCP/Cy5.5-conjugated anti-mouse I-A D antibody, APC-conjugated anti-mouse CD4 antibody, Pacific blue-conjugated anti-mouse CD8 antibody, FITC-conjugated B220Ab, BV421-conjugated anti-mouse CD86 antibody, APC-conjugated anti-mouse CCR7 antibody, Alexa Fluor 488-conjugated anti-mouse CCR7 antibody, PerCP/Cy5.5-conjugated anti-mouse CD19 antibody, PEconjugated anti-mouse NK1.1 antibody, FITC-conjugated anti-mouse CD44 antibody, and PE-conjugated anti-mouse LY6C. Proliferating cells were analyzed by flow cytometry using an anti-Ki67 antibody (clone SolA15, eBioscience) with the Transcription Factor Staining Buffer Set (00-5523-00, eBioscience). The dead cells were excluded by staining with APC/Cy7-conjugated Zoom. APC/Cy7-conjugated isotype, FITC-conjugated isotype, PerCP/Cy5.5-conjugated isotype, PE-conjugated isotype, APC-conjugated isotype, Alexa Fluor 488-conjugated isotype, and BV421-conjugated isotype were used as isotype controls. Positive cells were sorted using a BD FACS, and the data were analyzed using FlowJo v7.6.3 software.
In vitro cell culture assays SVEC4-10 cells (American Type Culture Collection, USA) were used for LEC in vitro experiments (7) . Cell Counting Kit-8 (CCK-8) assay: VEGF-C or VEGF-D (0, 1, 10, and 100 ng/l) and FGF-2 (0, 1, 10, and 20 ng/l) were added to promote cell proliferation. sVEGFR3-FC (100 ng/l) or sLYVE-1-FC (250 ng/l) was added to inhibit proliferation. sFC at the same concentration was used as control. Forty-eight hours after stimulation, SVEC4-10 cells in 96-well plates were treated with 10 l of CCK8 and 90 l of Iscove's modified Dulbecco's medium (IMDM) (Gibco, USA) and then incubated at 37°C with 5% CO 2 . Optical density (OD) values were measured using a microplate reader (BioTek, USA). 5-ethynyl-2′-deoxyuridine (EdU) assay: 48 hours after stimulation, SVEC4-10 cells in 96-well plates were incubated with 100 l of 50 mol EdU for 2 hours and then immobilized with 4% polyoxymethylene. EdU staining was imaged with Cell-Light EdU Apollo 567 In Vitro Imaging Kit (C10310-1, RiboBio Co., Guangzhou, China) according to the manufacturer's instructions. Nuclei were stained with Hoechst 33342.
Apoptosis assay: 24 hours following stimulation with either sVEGFR3-FC (100 ng/l) or sLYVE-1-FC (250 ng/l), an Annexin V-FITC (AV)/propidium iodide (PI) assay was performed to analyze apoptosis (BD Biosciences, USA). Flow cytometry was then used to detect AV-and PI-positive cells.
Statistical analysis
The data were first analyzed for normal distribution. The density of LVs and inflammatory cells in human samples showed positively skewed distribution. CKD patients were divided into LVs low and LVs high groups by intrarenal LV numbers graded from the second lowest tercile versus the highest tercile. Box plots were created using SigmaPlot 10.0. Values greater than 95% or less than 5% were shown as a dot, while values less than 95% or greater than 5% were hidden in positive and negative error line. Values less than 75% or greater than 25% were hidden in bars. Data conforming to normal distribution were presented as mean ± SEM and were prepared using GraphPad Prism software version 5.0. We used the nonparametric two-tailed unpaired or paired Mann-Whitney U test to evaluate P values. n.s. > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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